Projected changes in surface climate are reviewed at a range of temporal scales, with an emphasis on tropical northern Africa-a region considered to be particularly vulnerable to climate change. Noting the key aspects of 'weather' affecting crop yield, we then consider relevant and projected change using output from a range of state of the art global climate models (GCMs), and for different future emission scenarios. The outputs from the models reveal significant inter-model variation in the change expected by the end of the twenty-first century for even the lowest IPCC emission scenario. We provide a set of recommendations on future model diagnostics, configurations and ease of use to close further the gap between GCMs and smaller-scale crop models. This has the potential to empower countries to make their own assessments of vulnerability to climate change induced periods of food scarcity.
INTRODUCTION AND OVERVIEW (a) Issues of large-scale climate change
The Earth achieves thermal equilibrium by balancing the net incoming solar radiation received from the Sun, with the infra-red radiation emitted back to space (see Houghton 2002) . This infra-red radiation is primarily blackbody radiation emitted by the Earth's surface and by clouds, but some infrared radiation is intercepted by the so-called atmospheric 'greenhouse gases' and absorbed at particular frequencies determined by their molecular structure. Only some of this absorbed energy is re-emitted by the greenhouse gases to space, the remainder acts to warm the planet. The concentrations of these greenhouse gases thus determine the equilibrium mean temperature of the atmosphere. A key greenhouse gas is carbon dioxide, CO 2 . Increasing the concentration of CO 2 by fossil fuel burning must, therefore, be expected to result in higher average, planetary temperatures. Indeed, a warming between pre-industrial times and present can be seen in the global instrument record (Folland et al. 2001) , which (using formal statistical 'detection and attribution' methods) has been shown to be a consequence of human activity and not natural climatic variation (Stott et al. 2000) . Mann et al. (1998) reconstructed the global surface temperature record for the past six centuries using proxy climate indicators, and concluded that the anthropogenic increase in greenhouse gas concentrations was the dominant forcing during the twentieth century. Their analysis clearly shows progressively increasing temperatures over the past 50 years, emerging from the interannual variability (and very slight trend of global cooling) observed before major industrialization occurred.
The predictions of climate models are still very uncertain, with the range of models available giving a wide variety of differing results. One measure for comparing models is their prediction of the 'climate sensitivity'. This is defined as the increase in equilibrium, global mean temperature resulting from an instantaneous doubling of atmospheric CO 2 concentration. When various expected positive and negative feedbacks in the climate system are included, there is significant divergence in the overall strengths of the predicted temperature change, mostly related to the different model parameterization of entities such as clouds. The effect of such uncertainty is indicated graphically by Stainforth et al. (2005) , who analysed the results of a massive multiple run of the Hadley Centre global climate model (GCM). This grand ensemble exploited the idle time of personal computers to run the GCM with, not only perturbed initial conditions, but also perturbations in the physical parameters-reflecting the uncertainty in their values. The predicted range of climate sensitivity was 1.9-11.5 8C, larger than previous estimates (using multiple GCMs) but with the likelihood of the occurrence of these extreme values also being better defined.
Global warming is expected to manifest itself in a variety of ways with cloud cover, convection and related mean annual rainfall potentially increasing or decreasing, depending on spatial position. Other factors affecting agriculture, which are likely to change include surface evaporation, soil moisture and surface atmospheric humidity. However, these changes will not occur as simple, uniform changes at all geographical locations; neither will the changes in local climate or the day-to-day weather that control crop production be uniformly distributed. The changes will be driven by alteration of the large-scale weather patterns such as those which already occur from natural variations, e.g. El Niñ o Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO) and the strength of monsoons. The ability of climate models to capture such behaviour is advancing (see discussion on El Niñ o in McAveny et al. 2001, p. 503 ; and for NAO, see Gillett et al. 2003) . The Intergovernmental Panel on Climate Change (IPCC) Third Assessment, in discussing future expected changes in ENSO, lists an extensive range of results from a broad set of different GCMs; many such models suggest that a more 'El Niñ o like' state will be observed, although the driving mechanisms proposed are varied. On the other hand, there is little inter-model agreement on future statistics of ENSO variability (for discussion, see Cubasch et al. 2001, p. 566 and references therein) . There is stronger inter-model agreement regarding the Asian monsoon, suggesting an overall intensification, but accompanied by larger variability (again, see Cubasch et al. 2001) . Changes in the intensity and position of the oscillatory patterns of the NAO are also projected (Hu & Wu 2004) .
The potential for inherent nonlinearities in the Earth system to trigger a 'jump' to another climate state, should be a major concern, particularly if positive feedbacks are created within the system which then accelerate global warming. GCMs are not good at predicting these second order effects which, therefore, have the potential to create a 'climate surprise' (Brooks et al. 2006) . A summary of the possibilities are described by Steffen et al. (2004) , who start with the premise that palaeodata indicates that a range of global climatological states have occurred naturally in the past. Examples of rapid change which anthropogenic global warming might trigger include: a switching off of the thermohaline circulation, with the current 'on' phase destabilized by extra freshwater inputs occurring to the North Atlantic (Rahmstorf & Stocker 2004) ; the loss of the Greenland icesheet revealing a less reflective land surface, which then causes further warming (Gregory et al. 2004) ; and the potential for plant and soil respiration rates to increase in a warmed climate, overtaking the probable current increase in photosynthesis which is thought to result from higher CO 2 concentrations, and thus changing the global terrestrial ecosystem to act as a positive net source of carbon dioxide .
A final aspect of potential human-induced climate change which could trigger widespread disruption to agriculture is alteration in the extremes of weather at the seasonal or shorter time-scale. Easterling et al. (2000) analysed both measurements for the contemporary period, and future model projections, and concluded that there was evidence in the measurement record of increases in extreme high temperatures, a decrease in extreme low temperatures and more frequent intense rainfall events.
In the first part of this overview, we have outlined the basic physics of climate change and summarized the major types of impact which may be experienced in a future climate with enriched atmospheric greenhouse gases. However, the actual future rates of greenhouse gas emission will depend on a range of diverse socioeconomic factors such as population and economic growth, the introduction of technological breakthroughs and political motivation. These attributes and attitudes of society are all extremely difficult to estimate. The IPCC report on future emissions (Nakićenović et al. 2000) has thus developed a range of 'storylines' (all of which are regarded as equally likely), covering different rates of economic and population growth, and the introduction of energy efficiency and new energy sources. In the IPCC 'Special Report on Emission Scenarios' (SRES), these socioeconomic scenarios have been translated into emissions and used to drive a broad range of GCMs. Across all models and emission scenarios, the 'headline' result is that by year 2100, globally averaged temperature will have increased by between 1.4 and 5.8 8C (Cubasch et al. 2001) . The grand ensemble analysis discussed above, is yielding a wider range of possible climate sensitivities, but with better quantification of their statistical likelihood of occurrence. Changes in average surface temperature of this general magnitude must be expected to translate into changes in local climate which will have implications for agriculture and crop viability in many different regions of the world.
(b) Aspects of climate change and agriculture The crops that can continue to be grown at a particular location will primarily be determined by the changes in climate, and the seasonal distribution of rainfall and temperature that they experience. Other factors may include direct CO 2 fertilization, changes in other atmospheric gases (such as ozone; see Felzer et al. 2004) , local impacts (such as availability of water resources) or farm level change in agricultural practices and methods. All of these issues are of concern, and their relative importance is a major topic of debate. If these climate and other changes occur in a systematic way to create a new stable environment for agriculture, different, more appropriate, crops can probably be introduced. The danger to food production comes when previously reliable climates become unreliable and harvests fail. Any holistic overview of future crop yields must, therefore, consider all aspects of these environmental changes. One example of such a complete initiative is the summary publication by the Food and Agriculture Organization (FAO 2003) , which includes a chapter on climate-change impacts, but places these alongside discussion of economic, financial and possible technical change. Understanding the relative importance of climate change compared to other influences is important to the debate on whether limited funds should be directed to mitigation of climate change (i.e. emission reduction), or more local adaptation strategies. Brooks et al. (2006) argue that mitigation and adaptation should not be seen as alternatives, but must be seen as complementary, since both are needed. Nevertheless, some (e.g. Lomberg 2001, ch. 24) now argue against massive investment in climate mitigation but for a more ad hoc, adaptive approach at regional scales, simultaneously creating the opportunity for the saved funds to be spent on initiatives such as better Third World health care.
In the same book, Lomberg discusses food security (see ch. 9), and concludes that there is no imminent agricultural crisis and in general ever more people will be able to consume more and better food. However, he states that such developments in food supply will be unevenly distributed, for while some regions can import more food, this will cause hardship for the economically shaky regions of Africa. This uneven response is also partly because poorer countries employ a greater proportion of the population in agricultureas countries develop their economies agriculture becomes more efficient and fewer people are involved. It follows that if climate change has an adverse effect on agricultural production the impact will be amplified in poor countries: in a poor country a greater percentage of the population will be affected and the economy is likely to suffer to a greater degree than would be the case for a richer, more industrialized country.
Monsoon regions are associated with a seasonal reversal in wind direction accompanied by strongly seasonal rainfall. Monsoon climates tend to be highly variable and are sensitive to the influence of sea surface temperatures (SSTs) and thus, global climate variations driven by oceanic anomalies. The West African monsoon is perhaps the most variable, evidenced by the severe droughts in the Sahel during the 1970s and 1980s. These droughts led to crop failure and famine. Tighter frontier controls and the move from pasturalism to arable agriculture have increased that vulnerability by reducing the traditional coping options (migration and the reduction of animal herds; see Øygard et al. 1999) .
It is important to know if droughts will become more common in the Sahel, but the potential for disastrous famine is greater if we consider the whole of West Africa. West Africa has a population of some 250 million: about 50 million live in the Sahelian countries which border the Sahara desert and 200 million in the countries which have a coast on the Gulf of Guinea, from Guinea Bissau in the west, to Nigeria in the east. The population density of these latter coastal countries is about eight times that of the Sahelian countries. Taking the rainfall in the principal city of each country as a guide, the average annual rain in the coastal cities (about 1800 mm) is roughly 2.5 times that in the Sahelian cities (700 mm). The coastal countries are thus quite densely populated, and are used to having plentiful rainfall. However, the region is poor and is likely to be vulnerable to climate change-indeed some consider West Africa to be the most food insecure area of the world. West Africa should thus be a priority for predicting future impacts of climate change on agriculture, particularly the vulnerability to change in the frequency of occurrence of extreme drought. In this paper, we concentrate our analyses on the possible changes in climate in that region of the world.
(c) The direct influence of climate change on crop growth We now consider the climate impacts that are of direct importance to crops. During the growing season, adequate carbon needs to be drawn from the atmosphere through the leaves to become 'fixed' within the crop. The main factor to determine this is the overall degree of stomatal opening. Open stomata allow carbon accumulation, but also allow water to evaporate and hence prevent heat stress. To survive to harvest, crops require a balance between achieving a sufficiently high level of CO 2 draw down and a level of water loss that prevents desiccation yet maintains leaf temperature. Some authors propose that plants have evolved to optimize this balance (Cowan 1977; Cowan & Farquhar 1977) ; for agricultural crops the response will depend on the climate in the geographical location, where the wild relative originally evolved.
Both controlled laboratory experiments and field observations show that the degree of stomatal opening is a function of the surface environment. It depends on (or is at least highly correlated with) the amount of photosynthetically active solar radiation intercepted by the leaf and the leaf temperature, but also on the atmospheric humidity deficit, ambient surface CO 2 level and soil moisture deficit ( Jarvis 1976 ). At the crop canopy level there is also an integration of these processes that, presented simply, means the more leaves there are, the more the vegetation is able to photosynthesize due to increased numbers of stomata. However, the effect is not linear as self-shading reduces the available sunlight lower in the canopy.
Growth and evaporation are thus linked through stomatal response-which is controlled directly by the surface climate and soil water status. Indirectly, precipitation influences growth through increasing soil moisture, but it will also influence humidity levels and general cloudiness (altering evaporation and surface level photosynthetically active radiation). During crop growing seasons the overall precipitation amount is critical in determining yields over large areas (Challinor et al. 2003) , but equally, prolonged heat stress and dry spells (e.g. Wright et al. 1991 ) threaten crop productivity. At critical stages of crop development, even a few hours of temperature threshold exceedance may damage crops irreversibly (Wheeler et al. 2000) . The challenge for climate modellers is to predict the changes in all of these variables which have a direct effect on the crop yield of any particular year.
CLIMATE CHANGE PROJECTIONS OF TEMPERATURE AND RAINFALL CHANGE FOR TROPICAL NORTHERN AFRICA (a) Available GCM data
The best tool to predict climate variation is a GCM, and here we concentrate on the latest climate model projections for West Africa and surrounding area. In preparation for the IPCC fourth Assessment, multimodel, multi-ensemble and multi-emission-forcing simulations have been made available, and some of these now include daily resolution output, essential for understanding changes in extremes. This is a significant advance on previously available climate data, which in general has been averaged to give only mean monthly diagnostics. The GCMs that we use here are those for which daily temperature and precipitation data is provided by the modelling centres for the IPCC fourth Assessment report (see acknowledgements). The models that we use are fully coupled ocean-atmosphere models from four climate research In increasing order of severity, these scenarios for the twenty-first century are B1, A2 and A1B, as described by Nakićenović et al. (2000) . We also have monthly mean model data for 1901 (1902 . During the twentieth century, all four models are driven by estimates of changes in greenhouse gas concentration, the direct effect of tropospheric sulphate aerosols, volcanic aerosols and solar irradiance. In addition, the MIROC model is driven by changes in stratospheric ozone concentration (SO), the indirect effects of tropospheric sulphate aerosols (IS), black carbon aerosols (BC) and land use (LU), GFDL is driven by BC, SO and LU and PCM is driven by IS and SO. The estimates of future change as given by the SRES scenarios include forcings of greenhouse gases and sulphate aerosols.
The use of four GCMs allows a first estimate of inter-model differences in projections of future changes in daily rainfall and temperature. In particular, we are interested to compare the uncertainty generated by model formulation to the uncertainty generated by future emission scenarios.
(b) Mean rainfall behaviour Figure 1 provides an illustration of the strong interannual rainfall variability of the region between 3.75 and 21.258N and between 16.8758W and 35.6258E, based on gridded observations of the twentieth century. The observations are land-based gauge data taken from the Hulme dataset for 1900-1998 interpolated onto a 3.758 longitude by 2.58 latitude grid (Hulme 1992; New et al. 2000) . The rainfall values are calculated for the growing season in each year (defined as July, August and September), and 'binned' into intervals of 0.25 mm. The blue bars are the years 1971-1989 which correspond to a period of repeated droughts; the vertical line differentiates the two years of 1983 and 1984, which suffered particularly severe drought conditions attracting major international action. It is of importance to note that this large area is designed to provide an initial assessment of model capability for the region, and it covers significant regional variation. For particular subsets of the area there is larger interannual variability; for instance the Sahel region in 1983 and 1984 suffered extreme drought, with rainfall far smaller than the mean for that location than might be inferred from figure 1. The identical statistics from the four twentieth century GCM runs are presented in figure 2. Three distinct inter-model differences are apparent. First, the absolute values vary significantly between the models, with the MRI simulation being particularly dry. Second, the spread of values capturing their estimates of interannual variability is small. However, the third issue, which is of particular interest, is that there is no prediction of the intense and prolonged drought, which began in the early 1970s. This is common to all coupled models we analyse here and suggests that the drought period may not be a consequence of external forcings, but instead is due to natural variability occurring through atmospheric coupling to long time-scale variations in oceanic temperature profiles. We note, however, that the failure of models to reproduce the drought period could also be down to a particular shortcoming common to GCM oceanic descriptions whereby modelled SST change is under-sensitive to alterations in atmospheric CO 2 concentration. A useful set of GCM simulations to create would be long control runs capturing oscillations of the coupled climate system when forced by mean atmospheric greenhouse gas concentrations applicable to period [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] . Comparison with the existing control runs appropriate to preindustrial atmospheric concentrations would allow an assessment of whether anthropogenic emissions up to that period raised the probability of SST patterns occurring as observed during the two decades of drought. The simulations presented here do, however, fit the current opinion that the causes of the drought are a manifestation of internal variability rather than response to greenhouse forcing. Atmosphere-only GCMs forced by known SSTs alone can reproduce a significant part of the decadal drought signal (Giannini et al. 2003) . Such coupled ocean-atmosphere oscillations may be further enhanced over the region by land ecosystem feedbacks, as proposed by Charney (1975) and illustrated with a coupled model by Zeng et al. (1999) . Figure 3 shows the change in seasonal rainfall predicted by the four GCMs, between the contemporary period and the end of the twenty-first century. Figure 3a and b, give mean monthly rainfall for [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] . We divide the tropical north African region into two latitudinal subareas that we define as 'Sahel' (11.25-16.258N) and 'Soudan' (4.75-11.258N). Figure 3c and d are mean monthly output for 2081-2099 averaged across the three SRES scenarios. In all panels, the black line represents observations for 1971-1989. We selected this period for comparison as it covers a period of drought.
All the models show a distinct seasonal cycle that qualitatively mimics the observed cycle which is due to the seasonal migration of the inter-tropical convergence zone (ITCZ). We see that the 'wetter' models from figure 2 are, generally, wetter for all months. The important result is that there is relatively little change in the monthly model mean predictions between the 1971-1989 and 2081-2099 periods, averaged across these two large areas. However, this may conceal large changes in the spatial patterns and extremes of rainfall. Table 1 shows the mean percentage change in growing season precipitation for all models and all emission scenarios for 2081-2099 with respect to [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] . For all scenarios, the GFDL model shows a drying, while the other GCMs show a small wetting. There is less consistency across scenarios, but there is a small drying on average (last column).
In figure 4 , we compare and contrast year-on-year variability across future scenarios (figure 4a) and the four models (figure 4b) for July-September precipitation in the tropical northern Africa. The blue histogram in both panels represents observed rainfall for 1971-1989 with which we nudge all model data so that the 1971-1989 means are the same as those observed. We do this here, because we are interested in capturing future changes in precipitation, rather than overall model performance, which we described in figure 2 .
In figure 4a , we see that, despite small increases in mean growing season precipitation for three of the models, larger numbers of extreme dry and wet years are expected for all scenarios-especially A1B and A2. Large increases in the number of expected dry years are a concern for agriculture. Inspecting figure 4b , however, we see that although all four models show increases in rainfall extremes (solid lines), much of the increase in dry years comes from the GFDL model, which shows large mean drying. Another issue is the use of 1971-1989 as the climatology period. While this does allow the comparison of future climate changes to contemporary climate, the 1971-1989 period was unusually dry for the twentieth century (figure 1). If this is the consequence of natural variability, as the models suggest (figure 2), and not a forced change in climate, then the nudged anomalies of figure 4 will predict too many dry years. Nevertheless, the models still predict that there will be more dry years in future with respect to their own contemporary climates.
(c) Short time-scale extremes In §2b, we found that although the four GCMs predict relatively little change in future mean rainfall over tropical northern Africa, they do imply the possibility of significant increases in the number of drought years. In addition, there may be important changes in climate limited to small spatial and temporal scales that do not manifest themselves in monthly mean, area averaged data, but could also damage crop yields. Here, we investigate model predicted changes in gridded daily precipitation and temperature data. These quantities are of direct importance to physiological response, but to date, have rarely been available as diagnostics from large-scale climate models. The IPCC data centre has provided access to new GCM output, where these diagnostics are available. Figure 5 shows the mean and standard deviation of changes in the number of 'dry weeks' in the four GCMs. Rather than choose a real threshold known to cause crop damage, we define a dry week as a 7 day period that falls in the bottom 10% of 7 day periods in the 1971-1989 run of each model. We do this because the models have the tendency to 'drizzle' on short timescales, rather than produce focused storms, and plants experience precipitation via local soil moisture properties that are not well represented. Even so, the change in the percentage of dry weeks below a given threshold will give an indication of how we might expect the frequency of crop damage to change in future. Figure 5a shows future changes in the number of dry weeks during the growing season for tropical northern Africa across all models and scenarios. At almost all points there is an increase in the number of dry weeks, although this pattern shows significant spatial variability. Further, the variance between models is large (see figure 5b) . In table 1, the overall mean change across all models and all scenarios for growing season rainfall is small. This implies the larger percentage changes in dry weeks corresponds to fewer but more intense storms in a future climate. Figure 6 shows the number of days during the 92 day growing season when the mean temperature is greater than 33 8C (a temperature above which cereal crops suffer major physiological damage; Peter Craufurd, personal communication). All the model data are nudged so that mean monthly temperatures during 1971-1989 are the same as those observed (New et al. 2000) . Figure 6a shows the number of 'hot days' occurring in the models during the 1971-1989 period. Figure 6b shows increases in the number of hot days for most of the tropical northern Africa region. In particular, figure 6 shows hot days in the more populated southern part of the region, where there were none during [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] . Figure 6c shows large inter-model and inter-scenario differences in predicted changes in number of hot days.
FUTURE RECOMMENDATIONS FOR CLIMATE MODELLING ACTIVITIES (a) Climate model configuration and diagnostics
Although GCMs have the potential to provide required information on changes in surface climate for determining future crop yields, a key result from this paper is that there are major differences between their projections. This uncertainty makes it currently impossible to provide accurate estimates of the future. There is notable effort at present in extending GCMs to reproduce more facets of the Earth system, including direct coupling to impacts submodels. While this is to be applauded, the analysis presented here highlights that there are still fundamental aspects of climate modelling (e.g. the hydrological cycle) that require refinement and process understanding. Major measurement campaigns operating at present, or about to be initiated (e.g. the African Monsoon Multidisciplinary Analyses) will provide the data needed to constrain model performance for the contemporary period. Meehl et al. (2000) point out that at current GCM resolutions, process modelling of clouds and precipitation, which directly influences projections of extremes, is heavily parameterized and thus, not described explicitly. High-resolution climate data are needed if biological and hydrological processes are to be adequately represented (see e.g. Mearns et al. 2001) . At present, the large gridbox size in GCMs means that sub-grid scale variability is not adequately represented (storms are often simulated as drizzle across a full GCM gridbox), and yet it is exactly this information that is required. A continued push towards ever higher resolution climate models is needed, and increasing computer power will help in this endeavour, provided that appropriate fundamental understanding of process behaviour at the smaller-scale is also available. Uncertainty in model parameterization has been addressed by Murphy et al. (2004) and Stainforth et al. (2005) who present ensembles of model simulations with a range of parameter values, but neither study investigated regional climate impacts. Another possibility is extended use of fine resolution regional climate models (RCMs) 'nested' in GCMs for areas of known vulnerability. This paper discusses the drought period of the 1970s and 1980s, and whether GCMs indicate this was a natural phenomenon. To describe the statistical structure of oscillations in the Earth system that occur over long (decadal) time periods, extended atmosphere-ocean simulations are required. These are frequently undertaken to check the 'stability' of climate models at the end of a 'spin-up' period, and investigate model variability. Archiving large quantities of model data is becoming easier with the very rapid increase in disk storage size. It has become easier to save higher temporal resolution data (daily rainfall from all GCMs in the IPCC database would enhance the analysis presented here) and to also retain more novel diagnostics that are of relevance to impacts assessments (e.g. predictions of soil moisture content). Further analysis of comprehensive diagnostics could allow investigation of particular aspects of rainfall patterns not considered here, but still of importance to crop yields (e.g. actual start date of the monsoon and sub-seasonal variability).
One issue that has not been addressed in this paper is the potential for direct feedbacks on climate due to changes in vegetation. These could occur if large-scale alternative LUs are introduced as a means to adapt to a Climate change and crops C. Huntingford and others 2005 changing climate or dwindling resources, or as a response of the natural vegetation to climate change. The potential for the land surface to feedback on the global carbon cycle in response to anthropogenic climatological forcing has already been established . However, there is also the possibility of a feedback at the regional scale due to changes in surface fluxes of heat and water. Indeed, the focus of §2, the African monsoon, is considered to be especially sensitive to both natural (Zeng et al. 1999) and anthropogenic (Taylor et al. 2002) changes in vegetation. There is little consensus among models of how important these feedbacks are for current climate (Koster et al. 2004) , let alone sensitivity to enhanced CO 2 (Gedney et al. 2000) . On-going activities in improving soil-vegetation-atmosphere transfer models (including multiple vertical layers capturing canopy variation in vegetation) for impacts purposes may ultimately improve the climate model predictions themselves.
(b) Accessibility to climate information and new routes to impact assessment Despite concerns raised above regarding the need to include land-atmosphere feedbacks, if an assumption is made that (at least on a very local scale) these are relatively weak, then an initial assessment of future climate change induced adjustment to food security can be achieved by forcing crop models 'off-line' with climate model output. This avoids the requirement for those researching food sustainability to carry the overhead of operating full climate models. Combining GCM data with local process understanding of crop yield and phenological behaviour will empower agricultural research scientists to project the future availability of food. But a range of numerical tools are available that have the capacity to allow individual researchers to undertake 'GCM-like' simulations [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] and for the growing season defined as JulySeptember, we calculate the average daily precipitation threshold below which 10% of all consecutive 7 day periods fall. For all models and all three SRES scenarios, we calculate the percentage changes in occurrence of 7 day periods drier than that threshold for 2081-2099. (a) The mean percentage change across all models and scenarios is plotted, while in (b) the standard deviation across models and scenarios is plotted.
without the need for a GCM. These include numerical algorithms that capture GCM output for use by impacts models such as MAGICC/SCENGEN models and the GCM analogue model (Huntingford & Cox 2000) . The latter has been coupled to the land surface scheme of the HadCM3 model (Cox et al. 1998) to create a coupled impacts tool, called IMOGEN (Huntingford et al. 2004) . These computationally efficient impact models use GCMmodelled patterns in surface climate to predict a range of possible future climates. These off-line tools could be extended to provide the diagnostics needed for estimating crop yield. There are already some studies available that strive to estimate change in agricultural yield. For instance, Parry et al. (2004) study present day correlations between known crop yields and temperature and precipitation anomalies during the growing period, and then use these to develop refined estimates based on projections of climate change. More process-based modelling studies linking GCM output with crop growth descriptions that take account of local conditions (such as soil content) are necessary (e.g. Challinor et al. 2005) . Continuing this line of analysis, we have considered the frequency of temperature threshold exceedance, but this cannot be related simply to the risk of low crop yield, as the full impact on yield will depend in a nonlinear fashion on the magnitude and timing of these high-temperature events and links to other influences such as planting date and soil type. In the first instance, existing off-line simulations of crop yield that use daily weather data (e.g. Challinor et al. 2004) should be repeated across a range of GCMs to extend our current understanding of where significant changes in the world are likely to occur.
New tools are emerging that capture the balance of different and competing future environmental stresses from local, global and socio-economic pressures. An emerging example of such an integrated assessment is the 'climate vulnerability index' (Sullivan & Meigh 2005) , an extension of the 'water poverty index' (Sullivan 2002; Sullivan et al. 2003) which maps water vulnerability onto local socio-economic statistics, thereby capturing neighbourhood knowledge, but also including a key component representing climatological change. It is recommended that this latter component is calibrated tightly against available GCM data. McAveny et al. (2001) noted that none of the major intercomparison projects has triggered research into GCM ability to capture extremes, and states 'very few coupled models have been subjected to any form of systematic extreme event analysis'. Greater involvement of the researchers in the regions under study will result in more testing of model predictions of extremes by exploiting local knowledge and meteorological data.
CONCLUSIONS
We have analysed climate model projections of change in temperature and rainfall for the tropical northern Africa region corresponding to enriched greenhouse gas concentration futures. Tropical northern Africa is an area of particular vulnerability regarding food security, and any adjustment to surface climate will impact on crop yields. Alterations to rainfall and temperature, including the statistical likelihoods of extremes, are of major importance. General circulation models are the best tools available to provide detailed estimates of projected climate variation that correspond to raised concentrations of greenhouse concentrations in response to fossil fuel burning. They are explicitly designed to operate at the century time-scale and to capture all the major known features of the coupled Earth system. However, this paper demonstrates that such models show significant variation in estimates of rainfall characteristics for even the present tropical northern African climate, and implies that improvement of fundamental representation of the hydrological cycle is needed. Comparison with observed meteorological datasets for the region is a first step. It is noted that three of the models predict a general increase of rainfall, which should be beneficial for crop yield, although simultaneously there are higher numbers of low-rainfall weeks during the growing season. A more robust signal seen in all the GCMs is that there will be a significant increase in the number of very hightemperature days, which could reduce crop yields.
The massive computational requirement of GCMs means that at any individual point, the 'gridbox' size is large (typical order 200 km). Many features of importance at the sub-grid scale (e.g. structure of individual storms, influence of local topography) are, therefore, parameterized. To enable rigorous comparison to data, and to allow climate model projections to be of more use for impacts assessment, a significant reduction in spatial scale is required. 'Nested' RCMs for the tropical northern African area may fulfil this need, returning a spatial scale down to order 20 km.
As GCM refinement continues the uncertainty in future projections should decrease and more trust will be placed in their capabilities for future planning purposes. Methods of downscaling large-scale diagnostics to the small-scales necessary to assess impacts on agriculture will make GCM output more meaningful. Fine resolution estimates of future weather, including the statistical properties of individual storm events and extreme daily temperature values, provide forcing data to drive crop model simulations and allow estimates of future yields. It is important that researchers in vulnerable regions have access to both crop submodels and model-derived fine resolution gridded driving data of climatological forcings for a range of emission scenarios. This will enable simulations to be made for the countries where food security is a major concern for the future, and will empower such countries to make a full contribution to international negotiations on climate change mitigation based on strong scientific understanding of the potential impacts in those countries.
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